Neurons in distinct brain regions remodel in response to postnatal stressor exposure, and structural plasticity may underlie stress-related modifications in behavioral outcomes. Given the persistence of stress-related diseases such as depression, a critical next step in identifying the contributions of neural structure to psychopathology will be to identify brain circuits and cell types that fail to recover from stressor exposure. We enumerated dendritic spines during and after chronic stress hormone exposure in hippocampal CA1, deep-layer prefrontal cortex, and the basal amygdala and also reconstructed dendritic arbors of CA1 pyramidal neurons. Corticosterone modified dendritic spine density in these regions, but with the exception of the orbitofrontal cortex, densities normalized with a recovery period. Dendritic retraction of hippocampal CA1 neurons and anhedonic-like insensitivity to a sucrose solution also persisted despite a recovery period. Using mice with reduced gene dosage of p190rhogap, a cytoskeletal regulatory protein localized to dendritic spines, we next isolated structural correlates of both behavioral vulnerability (spine elimination) and resilience (spine proliferation) to corticosterone within the orbital cortex. Our findings provide novel empirical support for the perspective that stress-related structural reorganization of certain neuron populations can persist despite a "recovery" period from stressor exposure, and that these modifications may lay a structural foundation for stressor vulnerabilityor resiliency-across the lifespan.
Introduction
Stress hormones, particularly corticosterone (CORT), regulate postnatal dendritic and dendritic spine morphology in distinct brain regions including the prefrontal cortex, hippocampus, and amygdala. Structural remodeling in response to chronic stressor exposure is thought to contribute to aspects of stress-related psychiatric disease. For example, stressrelated prefrontal cortical dendritic reorganization predicts impairments in attentional function in rodents (Liston et al., 2006) , and reductions in hippocampal volume correlate with the lifetime duration of depression in humans (Sheline et al., 1999) . Landmark investigations that characterized the consequences of chronic stressor exposure on pyramidal neurons within prefrontal-hippocampal-amygdala circuits largely focused on immediate, rather than persistent, consequences (Woolley et al., 1990; Sousa et al., 2000; Wellman 2001; Vyas et al., 2002) . A comprehensive characterization of structural modifications that persist beyond the period of exposure represents a critical next step in understanding mechanisms of lifetime vulnerability and resilience to stress-related psychiatric disease.
Here we focused on cortico-hippocampal-amygdalar structural reorganization in response to prolonged exposure to the major stress hormone CORT. We aimed to isolate structural modifications that failed to recover despite a washout period. We hypothesized that these modifications would provide a structural foundation for the development and persistence of anhedonic-like behaviors, a hallmark symptom of depression that is thought to involve cortico-hippocampal-amygdalar circuits (Der-Avakian and Markou, 2012) .
Structural remodeling in the central nervous system is orchestrated by Rho family GTPases including RhoA (Rho), Rac1, and Cdc42, which coordinate the actin cytoskeletal rearrangements that are required for spinogenesis or spine elimination. Rho regulates actin polymerization and actomyosin contractility-for example, expression of constitutively active Rho leads to dendritic spine loss (Tashiro et al., 2000) , and Rho activation during the late postnatal period disrupts synapse stability (Sfakianos et al., 2007) . Rho is inhibited by p190RhoGAP, which is localized to dendritic spines and activated by integrin receptor engagement with extracellular matrix proteins (Arthur et al., 2000; Lamprecht et al., 2002; Moresco et al., 2007) . Thus, we also used mice with reduced gene-dosage of p190rhogap as a model of structural vulnerability to further isolate cellular predictors of behavioral vulnerability to stress hormone exposure.
Methods

Subjects
Male mice were 5-7 weeks old. Wild type (wt) C57BL/6 mice were purchased from Charles River Laboratories (Kingston, NY). Transgenic mice expressing thy1-derived GFP (Feng et al., 2000) enabled visualization of dendritic spines. Our final experiment utilized GFPexpressing p190RhoGAP-deficient mice (p190rhogap+/−), which have ~32-40% less p190RhoGAP protein (Brouns et al., 2000) . All were bred on a C57BL/6 background, maintained on a 12-hour light cycle (0700 on), and provided food and water ad libitum unless otherwise indicated. Procedures were Yale and Emory IACUC-approved.
CORT exposure
CORT (4-pregnen-11β-21-DIOL-3-20-DIONE-21-hemisuccinate; Steraloids, Newport, RI) was dissolved in water and administered for 20 days (25 µg/ml free-base, translating tõ 4.97 mg/kg/day). This protocol recapitulates blood CORT levels in mice exposed to chronic restraint stress (Gourley et al., 2008) . Mice were euthanized at 20 days or 20 days + a 1-week washout period.
In a final experiment using GFP-expressing p190rhograp+/− and p190rhograp+/+ mice, 10 µg/ml was used as a subthreshold CORT concentration. This dose is described in text as a "subthreshold CORT."
Biocytin injection of hippocampal neurons
Wild type mice were deeply anaesthetized with pentobarbital, and as previously described (Sfakianos et al., 2007) , hippocampal slices (400 µm) were prepared and maintained in a standard interface chamber at 33°C. Individual CA1 pyramidal neurons were injected with 4% biocytin solution in 2M sodium acetate solution, pH 7.5. Neurons were injected with 100-300 ms current injections of 5 nA at 1 Hz for 20 min. Only neurons that maintained a membrane potential and fired action potentials during this entire period were analyzed. After 10 min of recovery, injected neurons were fixed in 4% paraformaldehyde overnight, cryoprotected in 30% sucrose, then resectioned at 40 µm, and visualized using standard avidin-horseradish peroxidase (HRP) staining (Vectastain Elite ABC; Vector Laboratories, Burlingame, CA).
Morphometric analysis of dendrites
Z-stack series of individual biocytin-labeled neurons were considered complete only when clean dendrite-free sections were detectable on the far +Z and −Z margins. The 5-8 serial sections containing dye-filled neurons were traced sequentially starting at the cell body and moving in + and -directions under 100X magnification using a light microscope with a Z drive. Cells were then reconstructed using Neurolucida software (MicroBrightField, Williston, VT). As is standard practice, sections were apposed using landmarks and aligned at high magnification by joining interrupted primary and secondary branches based on position, orientation, and dendrite thickness. Sholl analysis, total dendrite length, and branch point number were determined using NeuroExplorer (MicroBrightField). Neurons were traced by an experimenter blind to group. 2-4 neurons were sampled from each mouse; each mouse (n=9-11/group) was considered an independent sample.
Dendritic spine capture and enumeration
As described (Gourley et al., 2012) , fresh GFP-expressing brains were submerged in 4% paraformaldehyde for 48 hours, then transferred to 30% w/v sucrose, followed by sectioning into 40 µm-thick sections on a microtome held at −15°C. Unobstructed dendritic segments running parallel to the surface of the section were imaged on a spinning disk confocal (VisiTech International, Sunderland, UK) on a Leica microscope. Z-stacks were taken with a 100x 1.4NA objective using a 0.1 µm step size, sampling above and below the dendrite. After imaging, we confirmed at 10X that the image was collected from the intended subregions.
Collapsed z-stacks were analyzed using NIH ImageJ: Each protrusion ≤4 µm was considered a spine (Peters and Kaiserman-Abramof, 1970) . Individual planes were evaluated to detect protrusions perpendicular to the z-stack. Bifurcated spines were considered singular units. To generate density values, spine number for each segment was normalized to the length of the segment.
From cortical and amygdalar neurons, 6-8 independent segments from secondary and tertiary dendritic branches within 50-150 µm of the soma were collected. Each group contained 6-8 mice, with each animal contributing a single density value to statistical analyses. Due to the stellate appearance of amygdalar and oPFC neurons (Liston et al., 2006; Kolb et al., 2008) , apical vs. basal branches were not distinguished. In the ILc, apical branches were evaluated.
In the hippocampus, CA1 neuronal alignment allows for unambiguous sampling as a function of distance from the soma. Thus, 6-8 independent basal neurons/mouse were identified, and 1 dendrite/neuron/30-µm window radiating from the soma was sampled. A single blinded rater scored spines.
Semi-automated dendritic spine reconstruction
To evaluate both spine density and head diameter in GFP-expressing p190rhogap+/− samples, 3D reconstructions were accomplished with the FilamentTracer module of Imaris (Bitplane AG, Zurich, Switzerland) as described (Swanger et al., 2011) . A dendritic segment 25 µm in length sampled from the oPFC (as above) or basal CA1 (60-90 µm from the soma) was drawn using the AutoDepth function. FilamentTracer processing algorithms centered the segment and determined dendrite diameter. The autodepth function drew dendritic spines along the dendrite. Each spine was then reconstructed in 3D using the FilamentTracer algorithm. A single blinded rater processed all images.
Behavioral modeling
We utilized a model of anhedonia: 1% (w/v) sucrose replaced regular drinking water for 2 days starting 2 days after CORT exposure. Animals were then habituated to water restriction by removing the water bottle for 19 hours. Next, mice were again water-restricted overnight, and each mouse was allowed 1-hour access to the sucrose solution in its home cage while cagemates were housed in a clean cage in a quiet room. Liquid consumption was recorded, and the next mouse was tested. This approach allows us to evaluate sucrose consumption in the home cage in individual mice while still maintaining standard laboratory group housing (2-5 mice/cage) (Gourley et al., 2008 (Gourley et al., ,2009a . The average water restriction period for each cage was 16 hours. The test was repeated the following day with water to confirm that general fluid consumption did not differ between groups.
In the first experiment (Fig.2 ), mice were wild type (control vs. CORT, n=6/group), in the second (Fig.3) , GFP-expressing p190rhogap+/− and GFP-expressing littermate controls exposed to exogenous CORT or CORT-naïve (4 groups, n=7-14/group depending on litter composition). These mice were euthanized after test for dendritic spine capture.
Statistical analyses
Sucrose consumption and morphometric measures were analyzed by 1-or 2-factor ANOVA as appropriate, with repeated measures when values were analyzed as a function of distance from the soma. Post-hoc comparisons were made using Tukey's t-tests, and when significant, results are indicated graphically. When two groups were compared, 2-tailed ttests were used. To highlight whether genotype determined dendritic spine sensitivity to CORT, percent change from baseline (meaning the mean value of CORT-naïve mice of the same genotype) was calculated and compared to 0 (no change) by location t-test. p<0.05 was considered significant, and outliers were excluded.
Spine head diameters were analyzed by Kolmogorov-Smirnov (K-S) comparisons. Because of the high degree of statistical power generated by K-S tests, only p<0.001 was considered significant.
Results
Corticosterone simplifies hippocampal CA1 dendrites
We first approached the issue of CORT-induced structural reorganization by characterizing the dendritic morphology of hippocampal CA1 neurons. As previously reported (MoralesMedina et al., 2009), CORT reduced dendritic branch points, but we localized this effect to basal trees. Notably, dendritic branch points did not recover despite a 1-week CORT washout period [F(2,27)=6.6,p<0.05] (Fig.1a-b) . A history of CORT exposure also reduced basal branch length [F(2,21)=7.4,p=0.004; apical ps≥0.7] (Fig.1c) , and Sholl analysis indicated that basal arbors simplified 75-125 µm from the cell body and did not recover their original complexity [interaction F(18,225)=2.5,p<0 .001]. Although there is some evidence that apical trees simplify with stressor exposure (Christian et al., 2011) , apical trees were unaffected here (interaction p=0.3) (Fig.1d-e) .
A history of corticosteroid exposure modifies dendritic spines and behavior
Based on these findings, we investigated dendritic spine density on basal CA1 arbors. Regions of interest for this and subsequent investigations are indicated (Fig.2a) . In CA1, CORT reduced spine density, but unlike CORT-induced dendritic remodeling, spine densities normalized with a 1-week washout period [main effect F(2,17)=4.8,p<0.05; no interactions] (Fig.2b) . We note, however, that even if dendritic spine density is normal, fewer dendritic processes in CA1-as described above-would result in fewer total spines/ neuron.
We next expanded our survey to other cortico-limbic structures: CORT reduced infralimbic cortex (ILc) spine density as expected (Liu and Aghajanian, 2008) , but densities recovered with a washout period [F(2,19)=4.2,p=0.03] (Fig.2c) . In the basal amygdala, CORT elevated spine density, but again, densities normalized with a 1-week washout period [F(2,17)=4.3,p=0.03] (Fig.2d) . In the orbital prefrontal cortex, however, densities declined and failed to recover after a washout period [F(2,18)=4.3,p=0.03] (Fig.2e) .
Corticosteroid exposure thus has discrete long-term structural consequences. To evaluate behavioral consequences, we measured animals' sucrose consumption in a model of anhedonia. Even one week after CORT washout, CORT-exposed mice reduced their sucrose consumption, reflecting a persistent ahedonic-like phenotype (t 10 =3,p=0.01) (Fig.2f) .
p190RhoGAP determines the behavioral and cellular responses to CORT
To further isolate the relationship between persistent dendritic spine modifications and longterm behavioral consequences of CORT exposure, we generated GFP-expressing mice with reduced gene dosage of the dendrite stability factor p190rhogap, exposed them to a subthreshold dose of CORT, and evaluated behavioral and structural outcomes. Throughout, oPFC dendritic spine densities and behavioral outcomes were not affected by p190rhogap deficiency, but genotype critically determined the behavioral and cellular response to CORT: Control mice were behaviorally unaffected by subthreshold CORT, but p190rhogap-deficient mice developed an anhedonic-like insensitivity to the sucrose solution (Fig.3a) , and in parallel, oPFC p190rhogap+/− spines were eliminated (Fig.3b-c) (genotype×CORT interactions p<0.04).
By contrast, oPFC spines proliferated in p190rhogap+/+ mice exposed to subthreshold CORT (Fig.3b-c) . Also, subthreshold CORT-exposed p190rhogap+/+ mice had a larger population of small-headed spines, potentially reflecting new immature protrusions (K-S p<0.001) (Fig.3d-e) (Bourne and Harris, 2011) .
In the hippocampus, only a trend for an effect of genotype was identified (p=0.08), with no detectable response to subthreshold CORT (interaction F<1) (Fig.3f) . Head diameters also did not differ (not shown).
Discussion
The ability of neurons to integrate into networks and regulate behavior is determined by the shape and density of dendrites and dendritic spines, the postsynaptic components of most excitatory synapses in the brain. Spines are remarkably plastic-e.g., hippocampal CA3 spines remodel in response to postnatal stressor or corticosteroid exposure (Tata and Anderson, 2010) . These modifications may play a role in stress-related mood disorders involving cortico-amygdalo-hippocampal circuits (e.g., depression), but identification of structural modifications that-like stress-related mood disorders-persist beyond the period of stressor exposure remains incomplete. We used transgenic mice expressing thy1-derived GFP to isolate and reconstruct CA1, basal amygdalar, and deep-layer prefrontal cortical dendritic spines. Because relatively little is known about the sensitivities of CA1 pyramidal neurons, these cells were also reconstructed in full. Among the cell populations sampled, all remodeled in response to prolonged corticosteroid exposure, but only basal CA1 dendritic arbors and oPFC dendritic spines failed to recover with a corticosteroid washout period.
Hippocampal networks and stress-related structural reorganization
Hippocampal CA3 neurons are exquisitely sensitive to stressor exposure (Tata and Anderson, 2009) , and certain aspects of stress-related impairments in hippocampaldependent learning and memory may reflect CA3 remodeling (McEwen et al., 2012; Conrad et al., 1999) . The CA1 neuronal response to stressors is less well-characterized by comparison. This is likely because CA1 neurons are regarded as more resilient-though not stress-insensitive-than their CA3 counterparts, based at least in part on investigations using bolus CORT doses (33-40 mg/kg) that occlude normal circadian CORT cycling (Woolley et al., 1990; Sousa et al., 2000; Morales-Medina et al., 2009) . By contrast, the oral CORT protocol utilized here mimics CORT secretion during restraint stress and leaves circadian cycling intact (Gourley et al., 2008) . Oral CORT resulted in dendritic spine elimination and dendritic simplification 75-125 µm from the cell body. This region approximates the CA1-subiculum intersection targeted in the ventral hippocampus by projections from the basal amygdala (Pitkanen et al., 2000) , raising the possibility that prolonged hyperexcitability of amygdala projections after stressor exposure (Correll et al., 2005) may be a presynaptic mechanism that results in hippocampal reorganization.
Basal dendritic arbors remained simplified despite a corticosteroid washout period. How might this relate to persistent stress-related anhedonic-like behavior? Amygdalohippocampal interactions appear to be necessary for the recall of reward-related contextual stimuli (Fuchs et al., 2007) , thus persistent stress-related reorganization resulting in fewer synaptic contacts may obscure reward sensitivity in part via hippocampal-dependent memory processes. Such a model is consistent with hippocampal atrophy in depression, in which anhedonia is a core feature (Sheline et al., 1999) .
Prefrontal cortical dendritic spines reorganize in response to CORT
CORT exposure also eliminated dendritic spines in layer V ILc, consistent with previous reports from layers II/III (Radley et al., 2008) and V (Liu and Aghajanian, 2008 ) medial prefrontal cortex. Remarkably little is known, however, regarding stress-related structural modifications in the oPFC, with the exception that Liston et al. reported dendritic arbor elaboration after chronic restraint stress (2006). Spines were not enumerated, however we report dendritic spine elimination that persists despite a "recovery" period. With the caveat that only CORT was manipulated here, we suggest that stress-related oPFC dendritic growth may serve as a compensatory response to spine elimination, since a long, sparsely-populated dendrite could house as many spines as a short, densely populated dendrite (Bourne and Harris, 2011) . In this case, dendritic elaboration would preserve total spine number. The stressor protocol utilized by Liston et al. impaired rats' attentional function, but spared reward-related reversal learning, canonically associated with oPFC structural integrity. By contrast, other stressor protocols impair reversal learning (Cerqueira et al., 2007; LapizBluhm et al., 2009) , thus dendritic elaboration observed by Liston may reflect a protective response to stressor exposure that preserved behavioral function.
This interpretation implies a high degree of spine instability in response to stress hormone exposure, consistent with reports of diminished oPFC brain-derived neurotrophic factor (bdnf) mRNA expression after CORT (Gourley et al., 2009a) and evidence that postnatal cortical BDNF deficiency destabilizes dendritic spines (Vigers et al., 2012) . BDNF is among a constellation of proteins that stabilize cortical neural structure during postnatal development. p190RhoGAP is another such regulator: Through interactions with the Ablrelated gene, it localizes to cellular membranes and inhibits the RhoA GTPase (Bradley et al., 2006) . In the absence of these critical intracellular interactions, synapses are eliminated and spine heads fail to mature during late postnatal development, corresponding to adolescence in humans (Sfakianos et al. 2007 ). Hence, we tested p190rhogap+/− mice for corticosteroid vulnerability. Naïve p190rhogap+/− mice did not display anhedonic-like behavior, but they developed anhedonic-like sucrose neglect after prolonged exposure to a subthreshold concentration of CORT. In concert, oPFC spines were eliminated, suggesting that this loss confers vulnerability to depression symptomatology, likely by disrupting orbital networks implicated in reward sensitivity (for further discussion: Lapiz-Bluhm et al., 2009; Gourley et al., 2009b) . p190rhogap+/+ mice exposed to subthreshold CORT had higher oPFC, though not hippocampal, spine densities, and did not develop anhedonic-like behavior. This pattern suggests that p190RhoGAP-mediated Rho inhibition, in response to corticosteroid exposure, subserves behavioral resilience. These results contribute to an emerging perspective largely from the drug addiction field that dendritic spine reorganization in response to pathological stimuli may in some circumstances have adaptive consequences. For example, pharmacological blockade of cocaine-induced dendritic spine reorganization in the nucleus accumbens and oPFC increases, rather than occludes, sensitivity to subsequent cocaine exposures (Toda et al. 2006; Gourley et al., 2012) .
By inhibiting Rho, p190RhoGAP brakes cellular actomyosin contractility in multiple biological contexts. In neural systems, it also coordinates behaviorally adaptive outcomeslearning about novel environments or stimuli (Sfakianos et al., 2007; Lamprecht et al. 2002) , mitigating vulnerability to stress hormone exposure or drugs of abuse ( Fig.3 ; Gourley et al., 2012) . There are no current pharmacological agents that amplify p190RhoGAP activity, but our experiments add to mounting evidence supporting a shift towards therapeutic approaches to stress-related mood disorders that impact cytoskeletal outcomes. These include agents that target actin cytoskeletal regulators directly, or those that act indirectly-for example, ketamine, an NMDA receptor antagonist, has rapid antidepressant-like properties that are in part attributed to dendritic spine proliferation in deep-layer prefrontal cortex (Li et al., 2010) . Our current findings suggest these structural modifications promote depression recovery through stressor resilience. CORT reduced dendritic branching in basal, but not apical, trees, and branch points failed to normalize with a washout period. (c) Total dendritic length was also diminished in mice with a history of CORT exposure. (d) Sholl analyses revealed no effects on apical dendritic arborization, but (e) basal arbors 75-125 µm from the cell body simplified after CORT, and they failed to recover with a 1-week washout period. Symbols/bars=means (+SEM), *p<0.05. Expressed another way, subthreshold CORT increased oPFC spine density by >15% in p190rhogap+/+ mice but eliminated ≈10% of spines in p190RhoGAP-deficient mice. **p≤0.005 vs. 0. (d) CORT-exposed p190rhogap+/+ mice also had a larger population of oPFC spines with small heads. ***p<0.001 vs. drug-free p190rhogap+/+. (e) Representative oPFC spines with reconstructions. Scale bar=3 µm. (f) As a control, we show that subthreshold CORT spared CA1 dendritic spines-only a trend for an effect of genotype was noted (p=0.08). Bars=group means (+SEM).
